I. INTRODUCTION
Resonance enhanced multiphoton ionization (REMPI) coupled with high-resolution photoelectron spectroscopy has become an important state-selective probe of molecular excited states and their photoionization dynamics. 1-7. Such rotationally resolved REMPI photoelectron spectra have been studied using both the zero-kinetic-energy (ZEKE) photoelectron technique 8 ,9 and, more generally, time-of-flight measurements 10-14 for a wide range of systems. These studies have clearly demonstrated the rich underlying photoelectron dynamics associated with such stateselective spectra. 6, 7 This is particularly true when photoelectron angular distributions are also measured. 11.12 Of specific interest to the present studies are the rotational distributions of HBr + ions, deduced by Xie and Zare 1S • 16 from laser-induced fluorescence (LIF) spectra, resulting from (2 + 1) REMPI of HBr via the S (2) branch of the F la 2 Rydberg state. LIF studies provide higher resolution than energy-resolved photoelectron studies, allowing, for example, monitoring the populations of individual A components of rotational levels of the ion. These spectra lS ,I6 show a pronounced peak for aN = N + -N' = 0, with N + and N' the rotational quantum numbers of the ionic and intermediate states, respectively, and a strongly ( -) parity-favored rotational ion distribution which would result from the expected dominant even partial wave character of the associated photoelectron matrix element. On the basis of selection rules, the 20% population seen in the other ( + ) parity component would have to arise from odd partial wave contributions to the photoelectron matrix element for ionization of the resonant orbital. these rotational ion distributions l7 showed extremelv small populations in the ( + ) parity component of the A doublet, implying that these odd partial wave contributions are entirely negligible here. Autoionization was proposed as a possible underlying mechanism giving rise to the population in the ( + ) parity components of these ion rotational levels. 17 In this paper we present results of studies of the rotational ion distributions in the X 211112 ground state of HBr + resulting from (2 + 1) REMPI via the S(2) branch of the F la 2 Rydberg state. About 20% population is seen in the ( + ) parity component of the A doublet of the ion rotationallevels. This agrees well with the results of recent measurements.
15
, 16 These calculated ion distributions differ significantly from those of earlier studies 17 ,18 where the ( + ) parity components were predicted to have extremely small populations. To provide some further insight into the underlying photoelectron dynamics of this REMPI process, an analysis of the partial wave contributions to the rotational ion distributions is given. We also demonstrate that the effect of the alignment in the resonant F la 2 Rydberg state on these rotational ion distributions, although not large, is important. The calculated alignment for individual ion rotationallevel shows that a significant change in alignment occurs upon ionization. Rotationally resolved photoelectron angular distributions, which clearly reflect the angular momentum composition of the photoelectron continuum, are also shown.
Rotational branching ratios and associated photoelectron angular distributions for (2 + 1') REMPI ofHBr via several S branches of the F la 2 state are also presented for near-threshold or ZEKE-like spectra. The effect of the alignment of the F la 2 state is again illustrated. A number of striking results are found and discussed in detail.
II. THEORY AND CALCULATION

A. Differential cross section
The general theory of molecular REMPI processes used in the present studies has been described previously.19.20 Here we present just a brief outline of some essential features of this approach as it is used to obtain rotational branching ratios and photoelectron angular distributions for HBr + ions resulting from ( 
where 0" is the total cross section, (3n the asymmetry parameters, and P t' (cos 8) the Legendre polynomials. In Eq.
( 1) P MJM J is the population of a specific M J level of the intermediate state created by the two-photon excitation. For the S(J o ) branch of interest here, P MJM J has the simple form
where m is a normalization constant. In Eq. (2 (3) with 
can be deduced for photoionization of the resonant state. In the single-particle picture, the photoelectron matrix elements ofEq. (7) for photoionization of an orbital <Pi in the molecular frame can be written as (12) with 'T] (the Coulomb phase shift, and 'l' Uf" the partial wave component of the photoelectron orbital 26 • 27 with the momentum k of the ejected electron. Which partial waves t'are dominant depends on how t" and t'are coupled via the molecular potential. This t'coupling in the photoelectron wave functiOn, in turn, influences the ion rotational distribution and associated photoelectron angular distributions.
B. Multiplet-specific wave functions and potentials
There are three dipole-allowed transition channels for photoionization of the 51T orbital of the F 11::..2 Rydberg state. . The corresponding multiplet-specific final state wave functions IAf~f) are given by
with (core) = lu 22u 23u 24u 25u 26u 27 u 28u 2117"4217" 4 317"4 115 4 • Within the frozen-core Hartree-Fock model, the oneparticle Schr6dinger equation for the photoelectron orbital <Pk can be shown to have the form, 26.Z7
where J i and KI are the Coulomb and exchange operators, respectively, and P is a projection operator which enforces orthogonality of the continuum orbital to the occupied orbitals. 26 .
z7 The operators S /I and S' are defined by
and
' 12 (16) The photoelectron kinetic energy is given by 6 = !k 2. The one-electron operator fin Eq. (14) is
where Za is a nuclear charge. Using the wave functions of Eq. (13),thecoefficients,a,{J, an' and b n associated with the 41T + orbital assume values ofO, 0, 2, and -1, respectively. The corresponding values for the 417" _ level are 0, 0, 1, and 1. For the final state we assume a frozen-core HartreeFock model in which the core orbitals are taken to be those of the X 2IT ion and the photoelectron orbital is a solution of the one-electron Schr6dinger equation of the torm of Eq. (14). To obtain the photoelectron orbitals <Pk' we have used an iterative procedure, based on the Schwinger variational principle,26.27 to solve the Lippmann-Schwinger equation associated with Eq. (14). This procedure begins by approximating the static-exchange potential of the relaxed ionic core by a separable form USE';::; Us (r,r') = L (rlUla f ) (U -1)ij(ajlUlr'), (18) ij where the matrix U -1 is the inverse of the matrix with the elements (U)ij = (aIIUla j > and the a's are discrete basis functions such as Cartesian or spherical Gaussian functions. U is twice the static-exchange potential in Eq. (14) with the long-term Coulomb potential removed. The LippmannSchwinger equation with this separable potential Us(r,r') can be readily solved providing an approximate photoelectron orbital, <PkO). These solutions can be iteratively improved to yield converged solutions to the LippmannSchwinger equation containing the full static-exchange potential. In this study, two iterations provided converged solutions ofEq. (14). The basis sets used in the separable expansion ofEq. (18) are listed in Table 1 .
C. Numerical details
All matrix elements arising in the solution of the Lippmann-Schwinger equation and elsewhere were evaluated by using single-center expansions about the center of mass. For converged results, the following parameters were used: 26 (i) maximum partial wave of the photoelectron continuum orbital = 7;
(ii) maximum partial wave expansion of bound orbitals in the direct potential = 60; (iii) maximum partial wave expansion of the lu, 2u, 3u, 4u, 5u, 6u, 7 u, 8u, 117", 217", 317", 417", 517", and 115 bound orbitals in the exchange potential = 30,30,25,25,20,20, 15, 15,30,25, 20, 15, 15, and 25, respectively; (iv) 
III. RESULTS AND DISCUSSION
A. (2+1) REMPI via the F1A2 Rydberg state
In Fig. 1 we compare our calculated ionic rotational branching ratios resulting from (2 + 1) REMPI of HBr via the S (2) branch of the F 1 a 2 state with the experimental data of Xie and Zare. 16 The photoelectron kinetic energy associated with these spectra is about 2.33 eV. Note that the measured branching ratios shown in Fig. I differ from those published previously. IS Note also that the measured distri- the population in the ( + ) parity component of these rotationallevels arises from the 51T-+k8 transition. The significant role of the odd partial wave components in these photoelectron matrix elements arises from strong cmixing in the electronic continuum. The photoelectron dynamics of the ionization process is clearly quite non-atomic-like.
In Fig. 2 we show the calculated rotational ion distributions assuming no alignment in the M J (J = 4) levels of the and measured branching ratios of Fig. 1 show that the population in the ( -) parity component of the J + = ~ level is, in fact, larger than that of J + = l' These results serve to illustrate the subtle role that alignment can play in rotational ion distributions in REMPI of molecular systems. Furthermore, Fig. 3 shows the alignment of M J levels of the J rotationallevel of the F 11:l. 2 Rydberg state induced by the twophoton excitation [evaluated from Eq. (2)], while Fig. 4 shows the alignment predicted to occur for the different J + levels of HBr + . These populations have been normalized to that of the most intenseM J or M J + level. These results show that a significant change in alignment occurs upon ionization (cf. Figs. 3 and 4) . This, in turn, reflects the molecular behavior of the process. The alignment is seen to be significantly different for the J + = i, i, and ~ levels. This is particularly so for the J + = ~ and i levels. Figure 6 shows the photoelectron angular distributions for the ion rotational levels of Fig. 1 . No experimental data is available for these rotationally resolved photoelectron angular distributions. Terms up to f36 are included in the calculation of these distributions. Note that the photoelectron angular distributions are plotted assuming f30 = 1. To examine the underlying angular momentum composition of these photoelectron angular distributions, we show the partial wave contributions to the population of each parity level ofHCl have been measured at near-threshold photoelectron energies. 31 We now look at similar ZEKE spectra ofHBr to see how analogous these may be to those ofHCl. In Fig. 8 we show calculated ionic rotational branching ratios for (2 + 1') REMPI of HBr via the Sen), ft -0, 1, 2 and 3, branches of the F 1 a 2 intermediate state at a photoelectron kinetic energy of 50 me V. Some important features of these spectra include: (i) the ( -) parity components (solid bar) of these rotational states of HBr + are dominant and are populated by waves of even symmetry; (ii) about 20% of the ion population is still expected in the ( + ) parity component (cross-hatched bar); (iii) the most intense transitions for the S(O) and S(1) branches are for aN = N + -N' = -1 peaks. The shift of the most intense transition from aN = 0 to aN = -1 at low J rotational level is due to the alignment induced by the two-photon excitation; (iv) the ZEKE spectra for the S (2) branch is similar to the rotational distribution of the one-color experiment shown in Fig. 1 indicating that the ion rotational distribution is only slightly dependent on photoelectron kinetic energy; and (v) the total ionic rotational branching ratios (sum of e and f levels) of the S(O) branch are similar to those of HCPI Figure 9 shows the photoelectron angular distributions corresponding to the ion rotational distributions of Fig. 8 . Again, based on the parity selection rule of Eq. (10), only even or odd partial waves contribute to each photoelectron angular distribution of a specific parity component of an ion rotational level. Contributions from higher t'partial waves are very evident in these low photoelectron energy spectra. Figure   10 shows calculated ionic rotational branching ratios and corresponding photoelectron angular distributions for the S( 16) branch of the F la 2 Rydberg state where the high J limit has been reached. The rotational branching ratios are similar to those of the unaligned F 1 a 2 state shown in Fig. 2 .
The photoelectron angular distributions of the (+) or ( -) parity components of the J + levels of Fig. 9 are obviously approaching the high J limit behavior of Fig. 10 . Similar behavior is also seen in the rotational branching ratios.
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